The nonlinear electric and electromechanical responses of lead zirconate titanate Pb(Zr,Ti, _ ,)Os ceramics to an external ac electric field have been measured under different driving levels. The onset of measurable nonlinearity is observed to be accompanied by the appearance of hysteresis loops. This lossy nature suggests that the nonlinearities in a ferroelectric ceramic are generated by the domain-wall motion. In addition, aging experiments and the bias field dependence of the threshold field (onset of nonlinearity) all indicate the extrinsic nature of the nonlinear behavior of ferroelectric ceramics. A phenomenological theory of Arlt, Dederichs, and Herbiet [Ferroelectrics 74, 34 ( 1987)] has been extended to include the nonlinear contributions. With only 90" wall vibration being considered, the theory leads to some basic understanding of the experimental results.
I. INTRODUCTION
The study of the nonlinear behavior of piezoceramic materials is very important because ferroelectric ceramics are now widely used to make transducers, resonators;"actuators, motors, sonars, etc. .One of the limitations for practical use of these ceramic products is theirnonlinear behavior, which occurs at higher driving levels. In order to' optimize the performance of these ceramic devices, it is essential to understand the origin of the nonlinear proLperties in ferroelectric ceramics. Recent developments in the fabrication of ferroelectric thin films open up the possibility of utilizing these nonlinear properties, because now the nonlinear response can be observed under voltage as small as a few fractions of a volt. In fact, some applications of the nonlinear properties have already been made, for example,~ convolvers and correlators for microwave acoustic devices,tV3 frequency mixers and frequency doublers. Therefore, the study of nonlinear effects in ferroelectric ceramics is not only scientifically interesting, but also technically important.
The physical origin of most phenomena observed in a ferroelectric ceramic is, in general, quite complex. For instance, the piezoelectric effect consists of two parts, the intrinsic4 and the extrinsic piezoeffects.5s6 The intrinsic effect refers to the homogeneous (unit cell) deformation caused by the electric field, and the extrinsic effect represents the elastic deformation caused by the motions of non-180" domain walls (partially domain switching) and the interphase interfaces. ' It is believed that the piezoelectriceffect of a ferroelectric ceramic comes mainly from extrinsic contributions at a relatively low to moderate driving level. Studies on barium~ titanate, BaTi03, and lead zirconate titanate (PZT), Pb(Zr,Tit --x)O3,8 show that the extrinsic effect contributes 60%-70% of the piezomoduli observed experimentally. Microstructural analyses'*" reveal that a large number of 90" domain walls are present in ferroelectric ceramics, which strongly affect their electromechanical behavior. 't~t2 A number of researchers have looked at the nonlinearities of ferroelectrics.'3-'5 However, most of the studies were focused on the intrinsic effect. The extrinsic effect is very complicated, because it involves interactions of several length scales, i.e., the interactions between ions, domains, and even different phases (such as in PZT) . Therefore, it is very difficult to'develop a detailed microscopic theory to account for the extrinsic effect. Arlt, Dederichs, and Herbiet5'6 have proposed a formal phenomenological theory dealing with linear electromechanical properties'related to 90" domain-wall motion, which might be a possible route to avoid some of the unnecessary complications. In this paper we will try to address the nonlinear effects resulting from a 90" domain-wall motion by using\a simiIar idea. More importantly, we will present some experimental results which can provide evidence for the extrinsic nature of the nonlinearities in ceramics. It has been-found that these nonlinear&s are mainly from the nonlinear motion of non-180" domain walls.
II. EXPERIMENTS
A series of experiments were carried out on both soft and hard PZT systems. The instruments employed include an optical interferrometer,'6 HP4192 LF impedance analyzer, HP3586 spectrum analyzer, multifrequency LCR meter (HP4275A), a modified Sawyer-Tower circuit, and a strain gauge (Kyoan KRF-02(Cl-11).
The piezoelectric constants d33, d3t, and d15 of soft PZT were measured versus ac field strength at a frequency of 200 Hz. The results are shown in Fig. 1 . Figure 2 shows the field dependence of ac dielectric constants et I and e33 of soft PZT at 200 Hz. One can clearly see in Figs. 1 and 2 that these quantities depend strongly on the field strength. In addition, it is observed that the losses (both mechanical and electric) also increase with field strength as shown in the insert of Fig. 2 (hysteresis loop) . The appearance of a hysteresis loop accompanying the onset of nonlinearity suggests that the source of these nonlinearities might come from the nonlinear' response of the domain walls to external field, because domain-wall motion is known to be a Fig.  3 the change of the threshold field for l f3 with respect to temperature and dc bias field for a soft PZT sample. Et increases with bias dc field. This is because the bias field shifts the working point of the poled ceramic toward a more saturated region on the P-E hysteresis loop. Looking at the microstructure, the domains are in better alignment under the bias field, and the domain walls become more difficult to move, which will reduce the extrinsic contribution. Hence the overall dielectric and piezoelectric constants become smaller; at the same time, the loss and nonlinearity are also substantially reduced. It is believed that the nonlinearity from the intrinsic contribution is very small. Therefore, when the domain-wall motion is "pinned" by the bias field, Et becomes much larger; i.e., the onset of measurable nonlinearity requires much larger field strength. Similarly, lowering temperature can also "freeze" the domain-wall motion, because the potential well of the low-temperature phase becomes deeper so that the energy barrier for domain switching becomes higher. Therefore, Et will decrease with temperature as shown in Fig. 3 . The clue for the extrinsic nature of nonlinearities observed in PZT ceramics is the drastic increase of dielectric loss accompanying the onset of nonlinearity as shown in Fig. 4 . It is also shown in Fig. 4 that the loss decreases with frequency, reflecting the delayed response of the domain-wall motion to the high-frequency electric field. In order to further the understanding of this matter, we have analyzed the spectrum of the response signals in both electric and electrochemical measurements, which are shown in Pigs. 5(a) and 5(b). In Fig. 5 (a) the electric field is parallel to the poling direction. When E > ED the output signal contains both odd and even harmonics, and a small asymmetric hysteresis loop was observed (note; that the maximum electric field strength is 0.57E,, where EC is the coercive field of the ceramic used in the experiments). In V,-v, (dW detected important flnding from the spectral analyses was then correspondence between the nonlinearity and dielectric loss (the area of the hysteresis loop), which is given in Table I and Fig. 6 . At very low electric field, the system is practically linear and no loss was observed. When the field strength increases, the magnitudes of the second and third harmonics increase, and the area of the 'hysteresis loop (loss) is also enlarged. As a comparison, we have also included the hysteresis loop for field strength close to EC in Fig. 6 . One can see that for E > EC the hysteresis loop again becomes symmetric. This observation enables us to identify that the origin of the nonlinearity is truly extrinsic, i.e., due to the nonlinear response of domain wall. Figure 7 shows the x-ray-diffraction (XRD) profiles of (002) and (200) peaks for plate PZT samples of different orientations. It can be seen from Fig. 7(a) that when the normal direction of the platelet is perpendicular to the poling direction, the (200) peak is much higher than the (002) peak. Conversely, for samples with the normal direction of the platelet parallel to the poling direction [Fig. 7(b) , the (002) peak is much higher than (200) peak. Figure 7(c) is for an unpoled sample. Since there is no preferred orientation, the intensity of (200) peak is about twice as that of (002) PIG. 8. The threshold field of the peizoelectric coefficients dr3 for both poled soft and hard PZT ceramics as a function of aging time.
dicular to the poling direction, which can only affect the extrinsic process. However, as shown in Figs. 1 and 2 , the physical quantities observed in the directions parallel and perpendicular to the poling direction are quite different. They differ not only in the magnitude, but also the onset of nonlinearities (Et). This fact provides another piece of evidence for the nonintrinsic origin of the nonlinearities in ceramics, because Et would be the same in the two directions if the nonlinear effect is intrinsic. It is known that the aging effect of ferroelectric ceramics is related to the reduction of non-180" domain-wall mobility. The aging experiments shown in Fig. 8 provide further proof for the extrinsic nature of the nonlinearities found in ferroelectric ceramics. The increase of Et (reduction of nonlinearity) with time can be understood as having the same physical origin as that of the aging effect, i.e., the decrease of domain-wall mobility. In addition, the fact that a stronger time dependence of the threshold field occurs in hard PZT rather than in soft PZT is also consistent with the aging phenomena observed in these ceramics.
From the above experimental results, we conclude that the nonlinear phenomena observed in ferroelectric ceramics (PZT, for example) is mainly caused by the nonlinear motion of non-180" domain walls, or is extrinsic in nature.
III. PHENOMENOLOGICAL THEORY
Arlt and co-workers5V6 have developed a phenomenological theory to calculate the contributions of 90" domainwall vibrations for a linear system. The basic element is a twin plate shown in Fig. 9 . The changes in the dielectric and piezoelectric quantities induced by the domain-wall displacement Al can be described in terms of Al and the Euler angles 0, @, and Y. For example, the change of the electric dipole-moment of this basic element can be expressed as PO is the spontaneous polarization, and A is the area of the vibrating domain wall per unit volume. Similarly, the induced strain is given by
in which SO is the spontaneous strain representing the unit-cell distortion in the tetragonal phase. It has been shown'9F20 experimentally that the 90" domain-wall motion is highly nonlinear. Therefore, the potential energy of a displaced domain wall may be expanded as a polynomial function of the domain-wall displacement Al:
where l-Jo is the rest energy of a domain boundary, which is assumed to be independent of domain-wall 'motion. The presence of the cubic term in Eq. (3) describes the asymmetric feature of the domain-wall motion in a poled ceramic. Following Fousek and Brezina'l, the differential equation for the forced vibration of a 90" domain wall in a poled ceramic may be expressed as follows: 
APi= 1 Ae, + Ari,$kl El + AHik&$fim (i,j,k= 1,2,3;a,&y=l-6),
where m represents the effective mass of the domain wall, b is the damping constant, and WE(6Pi) and W,(SU,$ are the induced electric and mechanical energies, respectively. The physical origins of the restoring force, damping, and effective mass have been discussed by several groups.22-25 Hence, we will not give further details here.
If we only consider the first three terms of XJ/aAl, Eq. (4) becomes Am A'i i-Ab A'i + AC, AI + AC, Al= + AC, Al3
where Ek are the components of electric field, and the corresponding coefficients are given below.
If we define the Euler angle integration j-da= s,'" d4 s:" dY j++ de,
the induced linear piezoelectric and dielectric coefficients Ad, and Aeii, respectively can be written as the following integrals:
f&j= @WMkfZWdQ Under certain conditions, one can get approximate solus (11) tions for EQ. (4'). For example, assume that the nonlinear where terms are small, i.e., Cl Al,C, Ai2,C, A13.
We may use a perturbation methodz6 to derive an approximate solution for AZ and, hence, to get the expressions for SPj and 6~~.
In the following we will analyze only the domain-wall movement under an ac electric field E = E, exp (jot). The frequency o of the applied field is usually much smaller than the resonance frequency of the domain wall, w. = G, which is in the gigahertz range."' For example, the ac electric field used in our experiments is only 200 Hz. If we divide Eq. (4') by Cl, then for a system with strong damping we can neglect the first term on the left hand side, which has the coefficient of ( w2/&. The remaining firstorder differential equation is the same as that for a relaxation system. The approximate solution for Al up to the third order is given by
Here, we have assumed a distribution function g ( 7) for the relaxation time. '& The integratio ns with respect to Q? and q can be carried out immediately, which give rise to the nonzero independent components of these tensor coefficients:
Ad,, Ad31 Ad33 0 0 0 1 (14) As indicated in Eqs. (7) and (8)) the domain-wall motion also contributes to the nonlinear coefficients, including the electrostrictive constants AQiia and the nonlinear dielectric constants Arok These quantities are given by the following integrals:
where (16) Here, r = b/C, is the relaxation time. 
the following form:
AHl/cim = s F'$" (w)fd-dif-,n (19) where
Similarly, one can derive the induced strain and polarization by the domain-wall movement under a stress field.27
IV. DISCUSSIONS AND SUMMARY When T, = 0, Eqs. (7) and (8) give the induced strain Ava and polarization APi induced by the 90" domain-wall motion, respectively, in a poied ferroelectric ceramic. If the electric field E is in the same direction as that of the remanent polarization, Eqs. (7) and (8) 
However, when the field E is perpendicular to the remanent polarization, Eqs. (7) and (8) 
AP,=Aq1E+~AH,,,,E3.
Equations (2 1 )- ( 24) reveal that the nonlinearities are different for the two situations. The fact that there is no second harmonic when the electric field is perpendicular to the polarization [Eqs. (23) and (24)] agrees with the experiment results shown in Fig. 5 . It needs to be pointed out that the model here cannot explain why the field strength has a much stronger effect on the magnitude of the second (even) harmonic than that of the third (odd) harmonic (see Table I ), which might indicate that the extrinsic contribution not only comes from 90" domain-wall motion, but also from other sources, such as oscillating interphase interfaces and localized phase transitions. To summarize, we have measured the nonlinear behavior of several PZT ceramic systems. Several .important results were obtained, which include the following.
( 1) The increase of nonlinear effects is accompanied by an increase in loss.
(2) Nonlinear effects can be reduced by applying-a dc bias field or decreasing the temperature.
(3 ) Nonlinearity is found to decrease with time, and this aging effect is much stronger in hard PZT than in soft PZT.
From these results, we conclude that the nonlinear effects found in ferroelectric ceramic is extrinsic in nature. Even though the extrinsic nonlinear effects could be orders of magnitude larger than the intrinsic nonlinearities, practical applications of these nonlinear properties might be limited by the loss generated from the domain-wall motion.
The extension of the phenomenological theory of Arlt and co-workers by including higher-order terms in the energy function [Eq. (3 )] shows a certain degree of success for describing the nonlinear ferroelectric ceramic system. Nevertheless, there are still some experimental results which could not be explained by the model. This implies that the actual extrinsic process is more complicated than just the motion of 90" domain walls. At least for PZT systems with compositions close to the morphotropic phase boundary (the one we have used in the experiments), oscillating interphase and/or a localized transition between the tetragonal and rhombohedral phases definitely contribute substantially to the extrinsic process.
